Cell death is essential for eliminating excess cells during development as well as removing damaged cells. While multiple conserved apoptosis pathways involving different cascades of caspases, which are cysteine proteases, have been identified, their regulation in the context of a developing organism is not very well understood. Expression of the Drosophila caspase-9 homolog, DRONC, can be induced by ecdysone, a steroid hormone, which induces metamorphosis. To elucidate the functional role of DRONC during metamorphosis and for cell death during development we have generated and analyzed two loss-of-function alleles of DRONC. We report that DRONC is required for developmentally induced neuroblast cell death and apoptosis in response to X irradiation. DRONC mutants show reduced pupariation even in the presence of high levels of ecdysone and impaired cell death of larval midgut. The levels of ecdysone-inducible transcripts such as E75A and Reaper (Rpr) are normal in the absence of DRONC, suggesting that DRONC acts downstream of these genes. In addition, Reaper and Grim, but not Hid induced apoptosis is sensitive to a reduction of DRONC levels. Our study places DRONC at a central point of convergence for multiple cell death pathways and for the ecdysone pathway regulating metamorphosis. q
Introduction
Programmed cell death (PCD) or apoptosis is essential for the development of multi-cellular organisms; it is required for sculpting body parts like the developing digits of vertebrates, for removing unneeded structures such as the pronephric tubules, for controlling cell number during nervous system development, and for removing incorrectly specified, damaged and potentially dangerous cells (Jacobson et al., 1997; Meier et al., 2000a; Milan et al., 2002) .
Highly specific cysteine proteases called caspases (Thornberry and Lazebnik, 1998) mediate the evolutionarily conserved process of apoptosis (Tittel and Steller, 2000) . Activation of death receptors by external death signals triggers a cascade of caspase-induced proteolytic events and leads to DNA fragmentation and apoptosis (for review Remillard and Yuan, 2004) . A variety of cytotoxic factors impinge on mitochondria causing the release of cytochrome c. Initiator caspases like caspase-9, which are characterized by a long prodomain, are then activated by apoptotic protease-activating factor-1 (Apaf-1) in the presence of cytochrome c. This induces a cascade of proteolytic cleavage events by downstream effector caspases, characterized by a short prodomain, and ultimately destroys the damaged cell. In another cell-death pathway, Smac/ DIABLO binds to Inhibitors of Apoptosis (IAPs) to inhibit their action and thereby activates caspase-9 (Remillard and Yuan, 2004) . Compared to the intense scrutiny of machineries for apoptosis induced by extrinsic or intrinsic signals, relatively little is known about the signaling pathways underlying programmed cell death at different developmental stages. In Drosophila both extrinsic and intrinsic signals lead to activation of apoptosis occurring either at defined stages during development (Baehrecke, 2002; Bello et al., 2003; White et al., 1994) or in response to cytotoxic stress like DNA damage or irradiation Nordstrom et al., 1996) . The steroid hormone ecdysone (Baehrecke, 2000) is an extrinsic signal, which is produced at fluctuating levels during development. High levels of ecdysone precede developmental milestones, such as cuticle deposition and larval molts. During late third instar larval stage an ecdysone pulse signals puparium formation and histolysis of larval midgut. A second pulse 12 h later induces head eversion and cell death of larval salivary gland (Jiang et al., 1997 (Jiang et al., , 2000 Lee et al., 2002) during Drosophila metamorphosis. Developmental apoptosis in Drosophila is also used to control the number of stem cell-like neuroblasts in the central nervous system. Embryos lacking the three proapoptotic proteins Reaper (Rpr), Head involution defective (Hid) and Grim, show an abnormally increased number of neuroblasts, while larvae and adults lacking only Rpr have an enlarged nervous system (Peterson et al., 2002; White et al., 1994) . A pulse of expression of the Hox gene Abdominal A (AbdA) induced removal of abdominal larval neuroblasts by apoptosis in late third instar larvae (Bello et al., 2003) , but the signals downstream of AbdA are not well understood. In Drosophila, there are three potential initiator caspases, DCP-2/DREDD, DRONC and Strica/Dream with extensive prodomains, and four potential effector caspases, DCP-1, drICE, DECAY, Damm/Daydream with short prodomains (Richardson and Kumar, 2002) . Mutant analyses have been reported for only two other caspases, Dredd (Chen et al., 1998) and Dcp-1 (Laundrie et al., 2003) . It has not been fully elucidated yet as to which Drosophila caspases are activated in response to different apoptotic stimuli and during metamorphosis in vivo.
DRONC is the only Drosophila caspase with a caspase activation and recruitment domain (CARD), and the two subunits of DRONC share the highest homology with all CPP32-like caspases, including caspase-9 (Dorstyn et al., 1999) . Similar to caspase-9 DRONC cannot be fully inhibited by the anti-apoptosis protein p35 (Hawkins et al., 2000; Meier et al., 2000b) . DRONC activity is negatively regulated by ubiquitination via the E3 ubiquitin ligase activity of DIAP-1, which can be suppressed by binding of Rpr, Hid and Grim to DIAP-1 (Hawkins et al., 2000; Wilson et al., 2002) . Several recent observations suggest that DRONC induces cell death in response to ecdysone. High levels of DRONC mRNA in third instar larval midgut and the salivary glands precede ecdysoneinduced cell death (Dorstyn et al., 1999) . DRONC expression is temporally and spatially regulated by a binding site for Ecdysone receptor, the EcRBE region, which resides in the promotor region of the DRONC gene (Cakouros et al., 2004) . DRONC mRNA is transcribed from K4 to 4 h relative to puparium formation, coinciding with the onset of ecdysone-induced cell death of larval midgut, and is essential for ecdysone-mediated cell death in an ecdysone-responsive cell line downstream of the ecdysoneinducible transcription factor Broad-Complex (BR-C) (Cakouros et al., 2004; Lee et al., 2002) . While injection of DRONC dsRNA (RNAi) has demonstrated that loss of DRONC function leads to a reduction of cell death in the embryo (Quinn et al., 2000) , the absence of specific mutants has made it impossible to decipher the functional role of this caspase during metamorphosis and development. Based on genetic interactions using the Df (3L) AC1 deficiency that removes DRONC amongst several other genes and studies of ectopic expression of a dominant-negative version of DRONC in the eye and the embryo, it has been suggested that DRONC is required for apoptosis induced by Rpr, Hid, Grim, and Dark/HAC-1, the Drosophila Apaf-1 homolog (Hawkins et al., 2000; Quinn et al., 2000) .
Since studies of transgenic overexpression of dominantnegative forms of DRONC and the use of a larger deficiency always raise the question about the specificity of the observed effect and to analyze the functional requirement of DRONC during development in vivo, we have generated two null alleles of DRONC, DRONC 11 and DRONC 30 . We have included in our analyses a third DRONC allele, DRONC 51 , which only takes out DRONC . DRONC homozygous mutant larvae display pupariation defects, which could be rescued by expression of a DRONC transgene, but not by feeding high levels of ecdysone. While feeding of ecdysone induced premature cell death of larval midgut of DRONC heterozygous mutant third instar larvae, larval midgut of DRONC homozygous mutant larvae do not respond properly to ecdysone and show reduced levels of cell death. When tested for additional defects in apoptosis, DRONC homozygous mutant larvae display defective removal of abdominal neuroblasts in the nerve chord of third instar larvae. Furthermore, the apoptotic response to X irradiation is diminished in the absence of DRONC. The apoptosis defects observed in DRONC mutants could be rescued by ectopic expression of a DRONC transgene showing that the phenotypes we detected are due to removal of DRONC. Analysis of a rough eye phenotype caused by expression of Rpr, Hid and Grim in trans-heterozygous animals revealed a requirement of DRONC for Rpr-and Grim-induced cell death. We show that a reduction of DRONC levels by 50% does not affect Hid-induced apoptosis in the eye suggesting that proapoptotic proteins might differentially activate DRONC.
Results

Generation of two DRONC null alleles
To examine the function of DRONC in vivo, we generated two DRONC zygotic null mutations, . The blue triangle marks the position of the P-element KG02994 that has been mobilized. Boxes indicate gene structure and the black arrows point out the direction of transcription. Genomic PCR from DRONC homozygous mutant larvae showed products with primer pairs indicated by yellow arrows; red arrows mark primer pairs showing no product, suggesting that they would anneal to regions deleted in the mutant alleles (see Fig. 2A ). The deletion within DRONC 30 and DRONC 11 spans less than 2.8 kb. ) mutant larvae consistently gave a product with control primers for atubulin84D (atub84D), four primer pairs annealing within DRONC and CG6685 showed no product, suggesting that these two genes are removed by the deletion (A, B). DRONC protein is absent in DRONC mutant larvae (C, D). Immunoblotting with anti-DRONC antibody using extracts (bottom figure) of DRONC 30 /Sb heterozygous larvae identifies three bands, which represent full length DRONC (50 kDa) and processed (proc) DRONC (39 kDa) and a third band, which is perhaps an unspecific degradation product (marked by an asterisk). All three bands were absent in extracts of DRONC mutant larvae (C; DRONC 30/30 and DRONC
11/11
). Untransfected S2 cells express low levels of full length DRONC at approximately 50 kDa (D, Control) whereas expression of full length DRONC from an inducible promotor leads to upregulation of the full length and a processed (proc) form of DRONC. Equal amounts of fly extracts (C; top) and S2 cell extracts (D; top) were loaded in each lane as demonstrated by the presence of equal levels of a-tubulin protein in all three lanes. between the p20 and p10 domain of DRONC (Fig. 2C , D and Section 4). Immunoblotting of single DRONC 11 and DRONC 30 heterozygous larvae revealed three bands of approximately 50, 39 and 25 kDa, representing the full length form of DRONC (50 kDa) and one processed form (39 kDa; Fig. 2C ; bottom). It has been described earlier that DRONC can be processed by DRICE at amino acid 135, which generates the DRONC Pr2 form consisting of the p20 and the p10 domain and can autoprocess at amino acid 352 in the linker region between the p20 and p10 domain (Muro et al., 2004) . Since our antibody is mainly generated towards the linker and the p10 domain, we suggest that the 39 kDa form represents the DRICE-processed Pr2 form of DRONC. The 25 kDa form could be an uncharacterized degradation product. All three bands are absent in larvae homozygous for the DRONC 11 and DRONC 30 mutant ( Fig. 2C ; bottom). In S2 cells transfected with full length DRONC the full length (50 kDa) and one autoprocessed (39 kDa) form can be detected ( Fig. 2D ; Mt-DRONC), whereas the 25 kDa form is absent. Untransfected S2 cells express only small amount of endogenous, full length DRONC as indicated by the faint protein band at 50 kDa ( Fig. 2D ; Control). Equal amounts of fly extract ( Fig. 2C ; top) and S2 cell extract ( Fig. 2D ; top) were loaded as indicated by the presence of equal amounts of a-tubulin. Our data suggest, that our antibody specifically recognizes the full-length form of . 3D , D 0 ; 196 h AEL) have grown as larvae up to 32% larger than their heterozygous siblings. Homozygous DRONC mutant larvae from all three alleles showed a similar growth delay during early third instar and had impaired pupariation under our experimental conditions. Most larvae died 10-12 days after reaching the third instar stage resembling larvae mutant for lethal (2) giant larvae (lgl), a Drosophila tumor suppressor gene (data not shown) (Gateff and Mechler, 1989) . DRONC 11 and DRONC 51 showed identical pupariation defects. The pupariation defect in DRONC 30 homozygous mutant larvae could be rescued by ectopic expression of full-length DRONC (UAS-DRONC), but , DRONC 30 and DRONC 51 mutants cannot be rescued by ecdysone feeding. The majority of mid-third instar DRONC heterozygous larvae fed with ecdysone pupariated prematurely whereas DRONC homozygous larvae do rarely pupariate. White bars represent the percentage of pupae and black bars of larvae obtained after ecdysone feeding, respectively. (D-G) Cell death in response to ecdysone is reduced in third instar larval midguts of DRONC mutants. Acridin orange staining of nuclei of midguts of DRONC 51 heterozygous mid-third instar larvae show increased cell death after 12 h of ecdysone feeding (D) while midguts of DRONC 11 (E) and DRONC 51 (F) homozygous mutants do not undergo cell death in response to ecdysone. Ectopic expression of a DRONC transgene (UAS-DRONC/hsGal4) restored cell death in the DRONC mutant background (G) as judged by appearance of acridin orange stained DNA.
not by ectopic expression of inactive DRONC (UAS-DRONC mut ) from a heat-shock GAL4 driver throughout larval and pupal development (85% rescued pupae, nZ100; Fig. 3E ; DRONC 30 ). The rescue experiment was carried out for the DRONC 11 and the DRONC 51 allele as well and produced similar results (data not shown). We obtained lower frequency of pupariation with DRONC homozygous larvae as previously shown, perhaps due to maintenance differences (Chew et al., 2004) . However, since we were able to rescue pupariation defect by ectopic expression of DRONC, we propose that they are caused in part by the removal of DRONC and that normal DRONC levels seem to be required for metamorphosis at the third instar larval stage.
DRONC is required for ecdysone-regulated processes in late third instar larvae
A pulse of the steroid hormone 20-hydroxyecdysone (ecdysone) at the end of third larval instar development triggers metamorphosis which is accompanied by histolysis of larval midgut, a major change in salivary gland gene transcription and imaginal disc evagination. Larval midgut cells are removed by autophagic rather than apoptotic cell death, a process that also requires upregulation of caspases and pro-apoptotic genes (Cakouros et al., 2004; Lee et al., 2002; Martin and Baehrecke, 2003) . Since DRONC is expressed in midgut during late third instar and its expression is regulated by the ecdysone-induced transcription factors BR-C and E93 (Lee et al., 2002) Fig. 4B and data not shown; 196 h AEL). These data suggest that DRONC might be required for the proper onset of cell death of larval midgut tissue beginning at late third instar in response to high rising titers of ecdysone.
Alternatively, DRONC might be required to upregulate levels of ecdysone prior to metamorphosis or developmental delays of DRONC homozygous mutant larvae might delay the rise of ecdysone levels required around pupariation. To distinguish between these possibilities, we fed ecdysone to DRONC 11 , DRONC 30 and DRONC 51 heterozygous and homozygous mutant larvae and compared their ability to pupariate (Fig. 4C ) and to induce cell death of larval midgut ( Fig. 4D-G) . Ecdysone feeding has been shown to rescue the defects caused by low levels of endogenous ecdysone due to defects in steroid hormone secretion (Venkatesh and Hasan, 1997) . Mid-third instar larvae normally respond to exogenous ecdysone by pupariating prematurely and induction of cell death in the midgut (Jiang et al., 1997) . Since DRONC homozygous mutant larvae are initially developing slower than DRONC heterozygous mutant larvae, we let the larvae develop longer until they reach mid-third instar larval stage before we administer exogenous ecdysone. While the majority of DRONC 11 , DRONC 30 and DRONC 51 mid-third instar heterozygous larvae have pupariated prematurely after 12 h of ecdysone feeding, DRONC 11 , DRONC 30 and DRONC 51 homozygous animals at mid-third instar were insensitive to hormone feeding and did not pupariate in response to high doses of the hormone, but remained in a larval stage for up to 8 days AEL (Fig. 4C) . In addition, wild type mid-third instar larvae and heterozygous DRONC larvae respond to overnight ecdysone feeding by showing an increase of midgut cell death (Jiang et al., 1997) (Fig. 4D) , while DRONC 11 and DRONC 51 homozygous larvae show very little apoptosis as judged by acridin orange staining (Fig. 4E, F) . Indeed, we cannot only rescue pupariation defects (Fig. 3E ), but also restore cell death of larval midgut in the presence of ecdysone (Fig. 4G ) by ectopic expression of DRONC, suggesting that DRONC plays a role for induction of larval midgut cell death. Taken together, our data suggest that DRONC acts in response to high ecdysone levels preceding pupariation. Since our DRONC mutant larvae do not pupariate, we were unable to assess whether loss of DRONC prevents removal of larval midgut during metamorphosis.
DRONC does not interfere with induction of primary ecdysone-response genes and acts downstream of Reaper in larval midgut cell death
Ecdysone regulates gene expression through its interaction with a heterodimer of two members of the nuclear receptor family, the ecdysone receptor (EcR) and Ultraspiracle (USP) (Koelle et al., 1992; Yao et al., 1992) . This hormone/receptor complex directly activates several primary response genes, including the zinc-finger transcription factors Broad-Complex (BR-C) (DiBello et al., 1991) , the ETS-like transcription factors E74 (Burtis et al., 1990) and the nuclear orphan receptor E75 (Segraves and Hogness, 1990) . A large set of secondary response genes are subsequently regulated by the primary response genes, directing the appropriate stage-and tissue-specific biological responses to ecdysone. While it has been shown that primary response genes such as BR-C, E74 and E93 impact the transcription of programmed cell death genes such as Rpr, HID and DRONC during salivary gland destruction (Jiang et al., 2000; Lee and Baehrecke, 2000) the death of larval midgut depends on similar yet distinct and less studied genetic mechanism (Lee et al., 2002) . Transcription of several primary response genes including E75A, E75B and BR-C and cell death genes such as RPR, and Dark is upregulated in response to high levels of ecdysone around the time of pupariation when larval midgut cell death takes place (Lee et al., 2002; Sullivan and Thummel, 2003) . Indeed, several primary response genes are required for proper removal of larval midgut (Lee et al., 2002) and Rpr and Hid have been shown to function in a redundant manner to activate larval midgut cell death (Yin and Thummel, 2004) . DRONC is highly expressed at K4 to 4 h relative to puparium formation in larval midguts (Cakouros et al., 2002) and at this stage expression appears to be independent of BR-C, but not E93 (Lee et al., 2002) . Ecdysone receptor directly regulates expression of DRONC in salivary glands, but not midgut tissue (Cakouros et al., 2004) suggesting that DRONC might be activated by ecdysone in different ways depending on the developmental context. To evaluate whether DRONC acts downstream or upstream of these ecdysone response genes and to integrate DRONC in the pathway leading to larval cell death, we compared expression of Rpr and E75A mRNA from larval midguts of DRONC 11 and DRONC 51 heterozygous larvae staged to K4 to 0 h before pupariation (116-120 h AEL) to DRONC 11 and DRONC 51 homozygous larvae aged for 150 h AEL and fed in the absence or presence of ecdysone by Northern blotting. Both genes are transcribed in the DRONC heterozygous and homozygous mutants in the absence of exogenous ecdysone suggesting that intrinsic ecdysone levels are high as expected at K4 to 0 h before pupariation (Fig. 5) (Andres et al., 1993) . While E75A appears to be highly expressed already in the absence of ecdysone and is only slightly induced be ecdysone feeding in the DRONC heterozygous larvae, it is expressed at lower levels in the DRONC homozygous mutant larvae, but can be induced to high levels by ecdysone. Lower levels of E75A in the DRONC homozygous mutant larvae might be explained by their slower and more variable development compared to heterozygous larvae. In contrast, Rpr is already maximally expressed in heterozygous and homozygous larvae independent of ecdysone feeding. These data suggest that DRONC acts downstream of ecdysone, the primary response genes and the pro-apoptotic gene Rpr in the larval midgut.
DRONC is required for apoptosis induced by developmental signals and DNA damage
The number of neuroblasts in Drosophila is determined by the rate of cell division and cell death during embryonic and larval stages. Most larval neurons are generated from postembryonic neuroblasts (NBs) that persist after embryogenesis (Prokop and Technau, 1991; Truman and Bate, 1988) . The adult abdomen has less complex neuronal networks; abdominal NBs are reduced in number via RprHid-and Grim-dependent apoptosis during embryogenesis and again in larval stages. To investigate the role of DRONC in this process, we determined the number of neurons by staining embryos homozygous for DRONC null mutations with anti-Elav antibody. Numbers of Elavpositive neurons were not increased (data not shown) suggesting that either apoptosis of abdominal embryonic NB's does not require DRONC or the maternal contribution of DRONC is sufficient for killing embryonic NBs.
During larval stages, a pulse of expression of the Drosophila Hox protein Abdominal A (AbdA) schedules apoptosis of most of the abdominal neuroblasts (Bello et al., 2003) via Rpr and Dark (Peterson et al., 2002) . It is unknown which caspases are required downstream of AbdA, Rpr and Dark for inducing cell death of abdominal NBs and pNBs. Three pNBs are present in each abdominal hemisegment A3-A7 in wild-type larvae (30 pNBs total) in early third instar; they are eliminated by cell death during mid to late third instar in wild type larvae (Bello et al., 2003) and in DRONC 11 and DRONC 30 heterozygous larvae (Fig. 6A, C and data not shown). In DRONC 11 and DRONC 30 homozygous mutant larvae on average 25 of the 30 abdominal pNBs persisted in larval nerve chords dissected at 120 and 216 h (Z9 days) AEL (Fig. 6B, C and data not shown). Apoptotic cells were not detected by TUNEL labeling in DRONC homozygous mutant larvae at any stage up to 10 days after hatching (data not shown). Expression of full length DRONC during larval development reduced the number of neuroblasts in DRONC 11 and DRONC 30 homozygous mutants in segment A3-A7, but did not affect neuroblasts in other segments (Fig. 6C and data not shown), suggesting that ectopic expression of DRONC does not induce cell death irrespective of the developmental context. DRONC appears to be required quite specifically for removal of unwanted larval abdominal pNBs in late third instar larval brains.
Cells damaged by environmental hazardous agents such as X-rays are eliminated by p53-dependent apoptosis. While it is known that Dmp53, the Drosophila homologue of the mammalian tumor-suppressor protein, and Rpr are required for the apoptotic damage response (Ollmann et al., 2000; Peterson et al., 2002) , it is not understood which caspases are triggering the removal of damaged cells. To determine whether DRONC is required for X-ray-induced apoptosis we X irradiated mid-third instar larvae and compared the rate of apoptosis by TUNEL labeling in late third instar Midguts from DRONC heterozygous and DRONC homozygous late third instar larvae (K4 to 0 h relative to puparium formation in heterozygous larvae versus up to 150 h old homozygous larvae) grown either on yeast paste alone (KEcd) or food supplemented with 20-hydroxyecdysone (CEcd) were analyzed for expression of E75A and Reaper (RPR) by northern blot hybridization. Expression of E75A and Reaper is still induced by ecdysone in the absence of DRONC, suggesting that DRONC acts downstream of these genes in larval midgut cell death. rp49 mRNA was used as a control of loading and transfer. larval imaginal discs (Fig. 7) in the absence and presence of DRONC. As expected, sporadic apoptotic cells are detected in wing discs of DRONC 11 and DRONC 30 heterozygous (Fig. 7A and data not shown) third instar larvae throughout the entire wing disc in the absence of any irradiation. Irradiation of larvae with 2700 rads (Fig. 7B-D ). Expression of a DRONC transgene using a heat-shock Gal4 driver restores the response to X irradiation (D; UAS-DRONC/hsGal4; DRONC 30/30 ), but does not induce apoptosis in the absence of X irradiation (E). These data suggest that DRONC is required to remove damaged cells by apoptosis. ). The bar graph quantifies the number of abdominal neuroblasts present in segment A3-A7 of DRONC 30/C and DRONC 30/30 mutant larval brains (nZ10, SDZ1.2). Ectopic expression of a DRONC transgene using a heat-shock Gal4 driver almost completely rescues removal of abdominal neuroblasts in A3-A7 (on average only 5 out of 30 neuroblasts were detectable) (C; UAS-DRONC/hsGal4; DRONC 30/30 ). mutant background does not induce apoptosis in the absence of irradiation (Fig. 7E ), but restored apoptosis in response to irradiation in DRONC mutant larvae (Fig. 7D /Rescue) suggesting that DRONC is indeed required for induction of apoptosis following irradiation.
A reduction of DRONC levels affects Rprand Grim-but not Hid-induced apoptosis
In mammalian cells there are at least four apoptotic pathways that can be differentially activated (Ranger et al., 2001) and there is increasing evidence for several pathways in Drosophila. Flies lacking the three pro-apoptotic genes Rpr, Hid and Grim display almost no cell death and die at a late embryonic stage with a dramatically increased nervous system (White et al., 1994) . Only part of these phenotypes could be attributed to Rpr function (Peterson et al., 2002) , suggesting that the pro-apoptotic genes are required for apoptosis in a different cellular or developmental context. To test whether DRONC levels are critical for Rpr-, Grimor Hid-induced apoptosis in the developing eye, we compared the eyes of adult flies carrying one copy of rpr, grim or hid, expressed from the glass promotor (gmr-reaper, gmr-grim or gmr-hid) to flies carrying gmr-reaper, gmrgrim or gmr-Hid, but lacking one copy of DRONC (Fig. 8) . Eye-specific expression of Rpr, Grim or Hid, respectively, leads to a small and rough eye due to an increased rate of apoptosis (Fig. 8A, E, I , M and Q) (Hay et al., 1995) . The rough eye phenotype generated by expression of Rpr (Fig. 8B-D) and Grim (Fig. 8F-H ), but not Hid (Fig. 8J -L, N-P and R-T) was reduced by the loss of one copy of DRONC. These observations confirm earlier studies suggesting that DRONC is required for cell death induced by Rpr and Grim (Hawkins et al., 2000; Meier et al., 2000b) . Contrary to earlier data, we showed that a reduction of DRONC levels by 50% is not ameliorating cell death induced by Hid suggesting that differences in the regulation of DRONC by pro-apoptotic genes might exist.
Discussion
Several cell death pathways elucidated in vertebrates and invertebrates reveal a high degree of evolutionary conservation (Meier et al., 2000a) . Drosophila melanogaster has many of the essential components for inducing and executing apoptosis, including the highly specific and conserved cysteine proteases called caspases.
Recent data have suggested that the initiator caspase DRONC might function in the response to developmental signals such as the high titer of ecdysone, which precedes developmental milestones such as pupariation. We have generated two loss-of-function alleles for the initiator caspase DRONC, DRONC 11 and DRONC 30 to address the function of DRONC during development. Our study reveals a role for DRONC in the response to ecdysone during metamorphosis and in developmentally regulated cell death of larval midgut tissue, but also in X-ray-induced apoptosis. Ecdysone-induced histolysis of larval tissue is an important step for metamorphosis; in analogy to the removal of the pronephric tubules during mammalian development, it serves the purpose to delete structures that are no longer needed. DRONC could either be involved in controlling levels of ecdysone or ecdysone receptor or the function of ecdysone receptor or might be required downstream of ecdysone, ecdysone receptor and the primary response genes for the removal of larval-specific tissue such as larval midgut and the salivary glands. We could show that increasing ecdysone levels by feeding it to DRONC mutant larvae did not rescue the pupariation defects suggesting that DRONC is not required for regulating levels of ecdysone. Ring glands, which are the source of ecdysone, look normal in DRONC mutant larvae (data not shown). Since our DRONC mutant larvae do not pupariate in the absence of ectopic DRONC expression, the function of DRONC for the removal of the midgut and salivary glands during pupariation could not be properly assessed in vivo (Baehrecke, 2000) . We could detect, however, a loss of cells undergoing cell death in late third instar larval midgut. Therefore we concluded that DRONC plays a role in the response to ecdysone in part by regulating the onset of tissue histolysis. While ecdysone receptor directly regulates expression of DRONC in salivary glands, it does not seem to be required for its expression in larval midgut (Cakouros et al., 2004) . Our data show that ecdysone-induced expression of the primary response gene E75A and the pro-apoptotic gene Rpr is still intact in DRONC homozygous mutant larvae, suggesting that DRONC acts downstream of Rpr to induce cell death in response to ecdysone. Since our alleles remove another putative gene CG6685 of unknown function and with no known homology, we have rescued the observed defects by expression of a DRONC transgene, which restored pupariation, death of larval midgut and neuroblasts and the induction of apoptosis in response to irradiation. We have included in our analysis an additional loss-of-function mutant DRONC 51 , which specifically removed DRONC, but not CG6685 and was generated in parallel to, but independent of our studies (Chew et al., 2004) . We have seen identical phenotypes using all three alleles with respect to growth and pupariation defects, ecdysone-regulated cell death and the ability to affect the action of proapoptotic genes.
Recent data suggest that DRONC is required for ecdysone-induced cell death of salivary glands, but did not find a role for DRONC in death of larval midgut (Chew et al., 2004; Daish et al., 2004) when they analyzed DRONC mutant pupae. One possible explanation for this discrepancy might be that DRONC plays a redundant role in the initiation of ecdysone-induced larval midgut cell death under normal developmental conditions, which only becomes evident when development is impaired. Interestingly, it has been demonstrated recently that DRONC ). Thus, proapoptotic genes differentially activate DRONC to elicit an apoptotic response. and two effector caspases DRICE and DCP-1 are required for ecdysone-induced cell death in l(2)mbn cells and that other caspases then DRONC might activate DRICE (Kilpatrick et al., 2005) .
DRONC mutant larvae fail to remove abdominal neuroblasts during late third instar, indicating that DRONC is required for programmed cell death of neuronal tissue during development. Unlike the brains of larvae mutant for Rpr (Peterson et al., 2002 ) the brains of DRONC mutant larvae do not show signs of hypertrophy, suggesting that DRONC is either specifically required for the death of abdominal neuroblasts or that maternal contribution might masks its role for a general regulation of cell death during neurogenesis in late embryonic and larval stages. This DRONC mutant phenotype resembles that of the Apaf-1 homologue DARK, which regulates DRONC (Quinn et al., 2000) , suggesting that DRONC might act downstream of DARK and Rpr to regulate apoptosis of abdominal pNBs in late third instar larval nerve chords (Peterson et al., 2002) .
In Drosophila DNA damage-induced apoptosis requires the action of Dmp53, the homologue of mammalian tumorsuppressor protein p53, which induces the radiationdependent expression of the pro-apoptotic gene Rpr presumably by binding to a p53 DNA binding site within the Rpr radiation responsive enhancer (Brodsky et al., 2000; Nordstrom and Abrams, 2000; Nordstrom et al., 1996; Ollmann et al., 2000) . Rpr is required for high levels of apoptosis in response to DNA damage by X irradiation suggesting that DRONC may respond to Rpr and perhaps other pro-apoptotic molecules activated in response to Xray to induce apoptosis.
Flies lacking the three pro-apoptotic genes Rpr, Hid and Grim display almost no cell death; they die at a late embryonic stage with a dramatically increased nervous system (White et al., 1994) . Only part of these phenotypes could be attributed to Rpr function (Peterson et al., 2002) . Whereas Rpr and Grim are expressed only in cells that are doomed, Hid is expressed in cells that survive and is subjected to down-regulation by growth-factor receptor activity (Bergmann et al., 1998; Kurada and White, 1998) . The differential requirements for Reaper, Hid and Grim during development suggest that several cell death pathways may also exist in Drosophila. Earlier data using a dominant-negative form of DRONC or a large deficiency suggested that DRONC is required for Hid-induced apoptosis. In very similar experiments using three different transgenic lines to express Hid in the developing eye, we see no repression of Hid-induced apoptosis when DRONC levels are reduced by 50%. One possible explanation for this discrepancy is that the dominant-negative form of DRONC (Hawkins et al., 2000) might form a nonproductive interaction with Dark, the Drosophila Apaf-1 homolog, and thereby block its ability to activate other caspases. The deficiency Df (3L) AC1 is large and uncovers at least 14 known genes, raising the possibility that genes other than DRONC are responsible for ameliorating the HID-induced rough eye (Quinn et al., 2000) . Our data suggest that proapoptotic genes might differentially activate DRONC perhaps depending on the type of apoptotic stimuli and the developmental stage. It will be interesting to investigate in closer detail whether DRONC is differentially regulated by Hid, by expression of Hid in eyes mosaic for a DRONC null mutation.
Cell death is important for normal development as well as disease progressions (Friedlander, 2003; Meier et al., 2000a) . Excessive apoptosis in the nervous system contributes to the pathology of degenerative diseases such as Huntington's disease, stroke and Alzheimer's disease, as well as complications induced by brain trauma (Friedlander, 2003) . A decreased rate of apoptosis contributes to cancer and autoimmune diseases (Meier et al., 2000a) . Mice lacking caspase-9, the closest mammalian homologue of DRONC, display severe neurological defects and have an impaired response to damaging agents (Zheng et al., 1999) . To develop effective therapeutic tools specific for certain caspases, we need to understand better how they are activated during development or in response to hazardous agents. Due to the high degree of conservation, Drosophila caspase mutants will continue to be a valuable tool to study these processes in vivo.
Materials and methods
4.1. Fly stocks, generation and analysis of the DRONC null allele by single larvae PCR; generation of the UAS-DRONC mut Of the 67 excisions of the P-element P {y C w C } K20994 ry 506 , which has been located 200 bp upstream of the DRONC gene, two lines DRONC 11 and DRONC 30 were lethal in trans to the deficiency Df (3L) AC1 that uncovers DRONC and were lethal in trans to each other, as well as homozygous lethal. Genomic DNA was isolated and PCR on DNA of DRONC 11 and DRONC 30 heterozygous or homozygous mutant larvae were performed by using the following primer pairs -TTG  GTC TGG AAC TCG GTG AGG-3 0 . For generation of an inactive form of DRONC as a control for the rescue experiment, we have introduced a Cystein to Serine (C318S) by PCR mutagenesis as described elsewhere (Huh et al., 2004) . Three different transgenic lines were used to express hid (gmr-hid 5253 ; gmr-hid 5248 ; gmr-hid 5250 ).
Generation of DRONC antibody and immunoblotting
A peptide spanning DRONC amino acids 351-389 TEGIPSPSTNVPSLADTLVCYANTPGYVTHRDLDTGS WY representing the linker domain between the p10 and p20 domain and the N-terminal part of the p10 domain was used to immunize two rabbits. Antisera of both rabbits were tested for specificity on extracts from S2 cells untransfected or transfected with full length DRONC cloned into the EcoRI and KpnI sites of the pRMHA3 plasmid. Expression of DRONC was induced as described (Frise et al., 1996) . One DRONC antibody recognized two bands of approximately 50 and 39 kDa specific for DRONC in the extract of transfected cells, but only a faint band at 50 kDa in untransfected cells, demonstrating its specificity for DRONC. The 50 kDa band represents full length DRONC whereas the 39 kDa band probably represents a processed form of DRONC.
For immunoblotting extracts from single larvae from DRONC 11 and DRONC 30 heterozygous or homozygous mutants, respectively, were homogenized and boiled in SDS sample buffer, subjected to SDS-PAGE and blotted onto nitrocellulose. DRONC protein levels were detected by using a 1:1000 dilution rabbit DRONC antibody (#9601). As loading control, a-tubulin protein levels were detected by a 1:1000 dilution of a mouse anti-a-tubulin antibody (Dma1; SIGMA).
Rescue of DRONC mutant phenotypes and ecdysone feeding
Rescue of DRONC mutant phenotypes was obtained by expression of UAS-DRONC full-length (Quinn et al., 2000) or UAS-DRONC mut from a heat-shock-Gal4 driver in DRONC 11 , DRONC 30 or DRONC 51 homozygous mutants by heat shocking larvae and prepupae for 30 min at 37 8C on consecutive days. Approximately 5% of the animals died as a consequence of the heat-shock in presence of active or inactive DRONC. To test for ecdysone-responsiveness, 100 larvae per sample were staged at mid-third instar by their dark blue guts after feeding on bromophenol blue-containing yeast paste (Jiang et al., 1997) and were subsequently fed in the absence or presence of 1 mg/ml Ecdysone (Sigma) as described (Gaziova et al., 2004) .
4.4. Immunohistochemistry, TUNEL labeling, acridin orange staining, X irradiation DRONC 11 and DRONC 30 third instar larval wing discs of untreated larvae or larvae irradiated with 2700 or 4000 rads, respectively, were isolated and fixed for 10 min in 5% formaldehyde and subjected to TUNEL labeling (In situ Cell Death Detection Kit, TMR red; Roche) according to the manufacturer's protocol. Acridin orange staining of larval midguts dissected from mid-third instar larvae was performed as previously described (Jiang et al., 1997) . Third instar larval brains were fixed in 37% formaldehyde (Polysciences) for 10 min for antibody staining as described (Bello et al., 2003) . Primary antibodies used were rabbit anti-Miranda (1:200) and mouse anti-Elav (1:30; 9F8A9). Images were taken on a Leica TCS SP2 confocal microscope and on a MZ 16 FA microscope using a DFC camera (Leica).
Northern blot hybridization
RNA from dissected midguts from 15 to 20 staged larvae (116-120 h for DRONC heterozygous larvae; 150 h or older for DRONC homozygous larvae) was isolated using the TRIZOL reagent (GIBCO BRL) according to the manufacturers instructions. For each sample, 15 mg of total RNA were transferred to a nylon membrane (Hybond, Amersham Biosciences) and hybridized overnight at 42 8C in 50% formamide (v/v), 1% SDS (w/v), 5X SSC, 10 mM Tris (pH 7,6), 10% dextransulfate, 1X Denhards solution and 100 mg/ml denaturated salmon sperm DNA.
Blots were washed to final stringency of 0.2-fold SSC, 0,1% SDS at 65 8C. Probes for Rpr, E75A and rp49 mRNA were generated by random labeling (Rediprimee II DNA Labeling System, Amersham Biosciences). Gel-purified PCR fragments amplified from cDNA clones of E75A or Rpr, respectively, or a restriction fragment of the rp49 gene were used as DNA templates (Andres et al., 1993) . Primers for reaper were 5 0 -ACACCAGAACAAAGTGAACG-3 0 and 5 0 -TTGTGGCTCTGTGTCCTTG-3 0 .
